The microstructures of Ti6Al4V are complex and strongly affect its mechanical properties and fatigue behavior. This paper investigates the role of microstructure on mechanical and fatigue properties of thin-section Ti6Al4V sheets, with the aim of reviewing the effects of microstructure on fatigue properties where suboptimal microstructures might result following heat treatment of assemblies that may not be suited to further annealing, for example, following laser welding. Samples of Ti6Al4V sheet were subjected to a range of heat treatments, including annealing and water quenching from temperatures ranging from 650 ∘ C to 1050 ∘ C. Micrographs of these samples were inspected for microstructure, and hardness, 0.2% proof stress, elongation, and fracture strength were measured and attributed back to microstructure. Fractography was used to support the findings from microstructure and mechanical analyses. The strength ranking from high to low for the microstructures of thin Ti6Al4V sheets observed in this study is as follows: acicular martensite, Widmanstätten, bimodal, and equiaxed microstructure. The fatigue strength ranking from high to low is as follows: equiaxed, bimodal, Widmanstätten, and acicular martensite microstructure.
Introduction
Ti6Al4V alloy is widely used in the medical device industry [1] [2] [3] for its many desirable properties, including its strength to weight ratio, corrosion resistance, biocompatibility, and processability [4] [5] [6] [7] [8] . Titanium components in medical devices are usually manufactured from very thin sections (<1 mm), and it is common for such products to be hermetically sealed by laser-beam welding [3] . Some welded components made of thin Ti6Al4V sheets are subjected to static and cyclic loading, from which fatigue, fracture, and failure may eventually occur. The mechanical properties (strength and toughness) and fatigue behavior of thin Ti6Al4V sheets are evaluated from the viewpoint of finding optimal properties for use in medical devices. Previous research has indicated that mechanical properties and fatigue behavior are quite sensitive to microstructure [5, 9, 10] . The microstructures are controlled by heat treatment, generally at temperatures in the dual -phase region [11, 12] .
The microstructures of titanium alloys are generally described by the size and arrangement of their and phases.
The two extreme cases of phase arrangements are lamellar microstructure (with a greater / surface area and more oriented colonies), which is generated upon cooling from the phase field, and equiaxed microstructure (a uniform structure composed of grains and grain boundaries of [7] ), which results from a recrystallization and globularization process [13] . Previous research has indicated that lamellar microstructure exhibits lower strength, lower ductility, and better fatigue propagation resistance compared with equiaxed microstructure [14] . Equiaxed microstructure provides better fatigue initiation resistance but poorer propagation resistance [13] than lamellar microstructure. Another kind of structure, called bimodal microstructure, is considered to be a combination of lamellar and equiaxed microstructures. Bimodal microstructures exhibit a well-balanced fatigue properties profile [13] , since they combine the advantages of both lamellar microstructure (i.e., higher fatigue crack propagation resistance) and equiaxed microstructure (i.e., higher fatigue crack initiation resistance). During heat treatment, Widmanstätten microstructure may be found in Ti6Al4V [15] ; this is observed when materials are cooled at a critical 2 Advances in Materials Science and Engineering rate from extremely high temperature. For example, Ahmed and Rack [16] showed that, for heat treatment at 1050 ∘ C for 30 min and at a low cooling rate (<20 ∘ C s −1 ), colonies change into a basket-weave structure (Widmanstätten). The slow cooling rate results in nucleation and growth of Widmanstätten plates. There is no full definition for the Widmanstätten microstructure of titanium alloy much beyond the appearance of the characteristic basket-weave structure. The Widmanstätten microstructure may be considered to be a special type of lamellar microstructure (with thicker lamellar width and greater orientation with long, coarse grain boundaries). Rapid quenching (or laser-beam welding) leads to a martensitic transformation of , which causes a very fine needle-like microstructure. Unlike ferrous martensite, titanium martensite is neither significantly stronger nor more brittle [17] than its parent phase, and the hardening effect of titanium alloy martensite is only moderate.
The weld zone in laser-beam welding consists of melted and resolidified metal resulting from a process lasting only a short period of time. Hence, the fusion zone (FZ) has properties similar to those resulting from a water-quenching process from a high temperature. The fatigue behavior of martensite is generally seen as poor, because the dislocations concentrate on the martensite interfaces on the tip of the fatigue crack in the FZ, forming a high-density dislocation network. Microplastic deformation occurs at and near the tip of the crack, forming a large deformation zone. Fine martensite laths obstruct the motion and emission; consequently, the stress concentration induces shear fracture of the laths [18, 19] . In thin Ti6Al4V laser welding, the martensite laths tend to be even finer owing to the greater cooling rate, which aggravates fatigue crack [18] .
Hence, it is necessary to improve the fatigue behavior of laser-welded Ti6Al4V by transforming martensite to another microstructure. The purpose of this paper is to study the effect of microstructure produced by different cooling rates on the mechanical properties of as-received (AR) parent material (PM) 0.7 mm Ti6Al4V sheets. The fatigue behavior of bimodal, Widmanstätten, and martensite microstructures transformed from the AR materials is also studied.
Experimental Procedures
The material used in this study was 0.7 mm sheet Ti6Al4V alloy (grade 5). Following rolling, the sheet was heat-treated at 850 ∘ C for 8 h, followed by heat treatment at 750 ∘ C for 30 min, and then furnace-cooled to room temperature; this defines its AR state.
Samples for microstructural analysis were mounted in conductive hot-mounting resin. The samples were ground with 240-mesh silicon carbide papers (to remove any oxide layer), followed by 400-, 800-, and 1200-mesh silicon carbide papers, and finally polished using a porous neoprene polishing disk to a mirror finish. The samples were etched with a mixture of 2 mL HF, 5 mL HNO 3 , and 93 mL H tungsten filament scanning electron microscope (FEI, North America NanoPort, 5350 NE Dawson Creek Drive, Hillsboro, OR 97124, USA) was used to image and characterize the samples.
The tensile test experiments were performed on an Instron 5569 tensile and compression test machine (Instron, Coronation Road, High Wycombe, Bucks HP12 3SY, UK) at room temperature with a load cell capacity of 50 kN and crosshead speed of 1 mm min −1 . The tensile test samples were designed to comply with European Standard EN10002-1 [20] ; their dimensions are shown in Figure 1 . Two strain gauges were used for measurement of strain:
(i) A strain gauge was attached to the gauge section of the sample and was used to measure tensile strains <0.2%. (ii) At higher strains, the crosshead movement was used to calculate the strains in the gauge section of the sample.
Three samples of each of the AR materials and heattreated materials were tested to failure.
The microhardness of the samples was measured using Vickers hardness with a Leco M-400 tester (Leco® Corporation, 3000 Lakeview Avenue, St. Joseph, MI 49085-2396, USA), over a 15 s indentation time. A 200 gf load was used for all hardness measurements.
Two types of furnaces were used:
(i) A rapid heat furnace (Carbolite RHF 16/3, ELITE Thermal Systems, 6 Stuart Road, Market Harborough, Leicestershire LE16 9PQ, UK) from Carbolite was adopted for the water-quenching process. The samples were heat-treated for 8 min until the furnace reached the required temperature and then waterquenched. (ii) A Lenton argon furnace (Lenton Furnaces and Ovens, P.O. Box 2031, Hope, Hope Valley, Derbyshire S33 6BW, UK) was used for the annealing process. Argon was used as a shielding gas along with a Cussons rare gas purifier-4 (Cussons Technology, 102 Great Clowes Street, Manchester M7 1RH, UK). The samples were soaked in the furnace at temperatures of 650 ∘ C, 750 ∘ C, 850 ∘ C, 950 ∘ C, and 1050 ∘ C for 1 h and then furnace-cooled to room temperature. Before these tests, the furnace was calibrated and the cooling curve was recorded. The average cooling rate of the argon furnace was 0.075
A Yorkshire LS10 2DE, UK) was used for tensile fatigue testing. Figure 2 shows a schematic diagram of the tensile fatigue test pieces designed to comply with British Standard 3518-1 [21] .
The stress ratio used for all samples was 0.1 and the cycling frequency was 7 Hz. Five samples were tested to at least 10 7 life cycles.
Results

Microstructures and X-Ray Diffraction of Heat-Treated
Ti6Al4V. The microstructure of Ti6Al4V AR material exhibited equiaxed phase surrounded by a phase boundary with fine grain size (15-20 m). The hardness, Young's modulus, 0.2% proof stress, and elongation of the AR material were, respectively, 362 HV, 111 GPa, 978 MPa, and 13.6%. Other samples of Ti6Al4V material were heat-treated at 650 ∘ C, 750 ∘ C, 850 ∘ C, 950 ∘ C, and 1050 ∘ C for 1 h followed by annealing. Following heat treatment, samples were inspected for their microstructural development. In the following results, the nomenclature "A" indicates annealed samples that have been cooled in the furnace and "Q" indicates waterquenched samples. Optical images of samples at different heat-treatment temperatures and cooling rates are shown in Figure 3 . There is no significant difference in samples of 650A (Figure 3 (Figure 3(e) ). All of these images exhibit equiaxed phase surrounded by a phase boundary. There is a slight difference between 850Q (Figure 3(g) ) and others, where the phase boundary appears thicker. In 950A (Figure 3(h) ), an equiaxed microstructure with primary phase and a partial phase boundary still exists, but some transformation from the phase boundary to lamellar + phase has occurred. At 950Q (Figure 3(i) ), an equiaxed microstructure with primary phase and a partial phase boundary is observed, which is similar to 950A. The difference is that there is no lamellar + phase but, instead, a region of metastable phase (dark region) that has been transformed from the phase boundary regions is observed. Figure 3 Table 1 .
The SEM backscattered electron images of AR material (equiaxed), 950A (bimodal), 1050A (Widmanstätten), and 1050Q (martensite) are shown in Figure 4 . X-ray diffraction patterns of PM, 950A, 1050A, and 1050Q are shown in Figure 5 , respectively. Reflections of and phase were detected in diffraction patterns of equiaxed, bimodal, Widmanstätten, and martensite. It should be noted that reflections are rather weak, suggesting a relatively low volume fraction of the phase (Table 1) in PM and 950A.
Mechanical Properties.
Hardness testing was conducted on heat-treated Ti6Al4V samples. Figure 6 shows the results of hardness examination of Ti6Al4V heat-treated at 650 ∘ C, 750 ∘ C, 850 ∘ C, 950 ∘ C, and 1050 ∘ C for 1 h with annealing (A) and water quenching (Q), respectively. There is no significant change of hardness values among 650A, 750A, 850A, 650Q, and 750Q. Following the annealing process, hardness values increased from 850 ∘ C to 1050 ∘ C; the highest hardness value for an annealed sample occurred at 1050 ∘ C (7.41% higher than for the AR sample). Following water quenching, hardness values increased from between 750 ∘ C and 850 ∘ C to 1050 ∘ C; the highest hardness value is 15.58% higher than that for the AR sample.
The trends (Figure 7 ) of 0.2% proof stress values of heat-treated Ti6Al4V following both annealing and water quenching are very similar to those of the hardness values. The highest proof stress value occurred at a 1050 ∘ C waterquenching condition, which is 13.78% higher than that of the AR sample.
The value of elongation to failure of samples deteriorated following annealing or water quenching following heat treatment in the temperature range 650 ∘ C-1050 ∘ C, as seen in Figure 7 . There is no significant change of elongation values among 650A, 750A, 850A, 650Q, and 750Q. In annealing, elongation values decrease between 850 ∘ C and 1050 ∘ C; the lowest elongation value is 24.38% less than that of the AR material. In the water-quenched condition, elongation values dropped off more quickly from a point between 750 ∘ C and 850 ∘ C and 1050 ∘ C. The lowest elongation value was 42.73% smaller than that of the AR sample.
Stress-strain curve of heat-treated Ti6Al4V following both annealing and water quenching from different temperatures are shown in Figure 8 . Figure 9 shows the high-cycle fatigue fracture lives of the AR material, martensite microstructure, Widmanstätten microstructure, and bimodal microstructure transformed by 1050Q, 1050A, and 950A, respectively. Fatigue strength (at 10 7 cycles) of the AR material is 180 MPa, which was the highest for all microstructures. 1050Q had the highest 0.2% proof stress, but its fatigue strength was lowest (135 MPa). The fatigue strength of 1050A (158 MPa) was slightly higher than that of 950A (153 MPa).
Fatigue Behavior.
Ti6Al4V
Fractographs. Figure 10 shows SEM fractographs of fatigue crack propagation areas of AR material, 1050Q (martensite microstructure), 950A (bimodal microstructure), and 1050A (Widmanstätten microstructure). The fractograph of AR material (Figure 10(a) ) is flat and uniform. Fine dimple patterns were observed. However, the fracture surface of the martensite microstructure is rougher, as shown in Figure 10 uniform as exhibited in AR material (Figure 10(c) ). River patterns are observed in the fractograph of the Widmanstätten microstructure ( Figure 10(d) ).
Discussion
The different microstructures are generated by heat treatment of the AR material [10, 22, 23] . Generally, most of the commercially used Ti6Al4V has been heat-treated via a complex sequence of solution heat treatment, deformation, aging, and annealing [5] for stress relief, recrystallization, and globularization. Temperatures of 650 ∘ C-850 ∘ C are normally used for these. As shown in Figures 3(b)-3(f) , the microstructures were not modified. There is no significant difference in the mechanical properties (hardness, 0.2% proof stress, and elongation) associated with heat treatment at these temperatures. In industrial application, stress relief, recrystallization, and globularization can be realized by annealing at 650 ∘ C-850 ∘ C; however, the associated oxidation layer thickness increases at the same time [24] .
Water quenching from 850 ∘ C to 1050 ∘ C tends to increase the strength owing to higher phase content [10] . Water quenching at 1050 ∘ C (Figure 3(k) ) transformed the equiaxed microstructure into acicular martensite microstructure. The martensite sample exhibited the highest increases in hardness (419 HV) and 0.2% proof stress (13.8%) compared to the AR sample but at the cost of a reduction in ductility (42.7% lower elongation compared to the AR sample). Similar results for mechanical properties of acicular martensite microstructure of Ti6Al4V were obtained by Jovanović et al. [10] . By comparing the results of this paper with Jovanović et al. 's data (0.2% proof stress: 1400 MPa; elongation: 1.5%, water quenching from 1100 ∘ C), it is obvious that the values of 0.2% proof stress (1114 MPa) of acicular martensite microstructure in this study are lower, but elongation (7.8%) is rather higher. Jovanović et al. suggested two reasons for these differences: (1) Their AR materials were Widmanstätten with a massive phase boundary that exhibited higher strength (1100 MPa) but lower ductility (<1.5%) and (2) the presence of TiC (formed from carbon diffused into the melt, forming carbides with titanium and vanadium during the casting process) raised the tensile strength but compromised ductility. The fatigue strength of the acicular martensite microstructure is the lowest (135 MPa), being lower than the AR material by 45 MPa. The term "fatigue" relates to the initiation and growth of cracks caused by the repeated application of mechanical stresses or strains and any associated changes in mechanical properties [21] . Sun et al. [25] reported that low ductility deteriorated fatigue propagation resistance in tensile mode fracture, but high strength did little to help fatigue initiation resistance [25, 26] . Hence, the poor ductility in the acicular martensite microstructure is one reason why its fatigue strength is so low. The coarsegrained structure (Figure 3(k) ) can be another reason for brittle fatigue fracture (Figure 10(b) ). It is well known that fatigue cracking in Ti6Al4V alloys starts at prior grain boundaries or colony boundaries and / interfaces [27] . A coarse-grained structure will aggravate dislocations at the prior grain boundaries [28] and eventually lead to failure. A third reason for the lower fracture strength in martensite could be martensite transformation stress; generally, it is easier to initiate cracks at a stress-concentration position [29] . Martensite transformation stress may aggravate the stress concentration.
Ti6Al4V heat-treated at 950 ∘ C followed by annealing (Figure 3(h) ) exhibits slight lamellar microstructure at prior phase boundaries. Such bimodal microstructure (consisting partly of equiaxed primary and a lamellar + matrix transformed from a prior phase boundary) results from heat treatment just below the transus temperature [13, 30] . Tensile test results show (Figure 7 ) that bimodal microstructures exhibit well-balanced properties between 0.2% proof strength (1017 MPa) and ductility (11.8%). The Widmanstätten microstructure heat-treated at 1050 ∘ C followed by annealing exhibits a slightly higher strength (1041 MPa) than the bimodal microstructure but has lower ductility (10.3%) than the bimodal microstructure. This research indicated that Ti6Al4V with bimodal microstructure has a slightly higher fatigue strength than that with Widmanstätten microstructure. Similar results were obtained by Zuo et al. [30] . The fatigue strengths for their bimodal and Widmanstätten microstructures were 493 and 475 MPa, respectively (with both the stress ratio = −1 and frequency = 20 kHz increasing the fatigue strength). Both Zuo et al. [30] and Gil et al. [5] have concluded that crack initiation rather than crack propagation plays the dominant role in controlling the total life in high-cycle fatigue when there are not too many interior defects. Equiaxed microstructure benefits fatigue initiation resistance. Hence, bimodal microstructure (with the properties of primary grain of slightly lower strength and higher ductility) exhibits higher fatigue life compared with Widmanstätten microstructure (which is a special type of lamellar microstructure). However, bimodal microstructure exhibits lower fatigue life compared with equiaxed microstructure owing to its lower ductility compared with AR microstructure. The fine dimple patterns observed in fractographs of AR samples may indicate a plastic fatigue fracture process. The AR material has an equiaxed microstructure that exhibited the highest ductility (13.6%).
The correlations among the microstructures, mechanical properties, and fatigue strengths of 0.7 mm Ti6Al4V sheet are listed together in Table 2 .
Conclusions
This study highlights the role of microstructure on fatigue strength rather than relying on the broader relationship between ductility and fatigue strength. Three key observations are apparent:
(1) The 0.2% proof stress ranking from high to low for all types of microstructure of thin Ti6Al4V sheets observed in this study is as follows: acicular martensite, equiaxed microstructure with metastable , Widmanstätten, bimodal, and equiaxed microstructure.
(2) The ductility ranking from high to low for all types of the microstructure of thin Ti6Al4V sheets observed in this study is as follows: equiaxed, bimodal, Widmanstätten, and martensite microstructure.
(3) The fatigue strength ranking from high to low for the microstructure of thin Ti6Al4V sheets observed in this study is as follows: equiaxed, bimodal, Widmanstätten, and acicular martensite microstructure.
The fatigue strength of thin Ti6Al4V sheets decreases inversely proportionally with the proof stress and proportionally with ductility; this is in response to the types of 8 Advances in Materials Science and Engineering microstructure and grain sizes set up in the heat-treatment processes.
